Introduction
According to the World Health Organization, the number of overweight and obese adults worldwide is projected to reach 2.3 billion and 700 million, respectively, by 2015. Obesity is multifactorial in its etiology. Although there is popular belief from the general public and media that physical inactivity is one of the most important factors in the obesity epidemic, evidence linking physical activity and weight gain or obesity is mixed. A recent review concluded that lower levels of physical activity are not associated with subsequent excess weight gain or obesity (1) . In addition, data from randomized controlled trials suggest that the treatment of overweight and obese individuals with exercise training alone does not result in any substantial weight loss (2) , although such training may be important in maintaining weight loss (3).
The methodological shortcomings of studies in this field hamper data interpretation. For example, adherence to exercise programs in controlled trials is often poor. There are also large variations in methodology between observational studies (1)-the cross-sectional design of some of them (4) , and the use of single baseline measures of physical activity (5) makes it impossible to account for changing patterns over time. An additional reason for the mixed findings is the possible bidirectional nature of the association between physical activity and adiposity markers, although few studies have explored this.
We hypothesized that much of the health benefits from exercise are established through chronic training adaptations (6) which can be more reliably determined by repeated assessments of physical activity over time rather than by a single measurement at one point in time. Thus, in the present study, we examined the association between physical activity patterns over 10 years in relation to body mass index (BMI) and waist circumference (WC) using a well characterized population based cohort study. Few studies have attempted to quantify changes in adiposity markers in relation to the current physical activity recommendations (at least 2.5 h per week moderate to vigorous physical activity) (7) , which formed the second aim of this study. Lastly, we examined possible bi-directional associations by analyzing the relationship between weight gain and future activity levels.
Methods Participants
Participants were drawn from the Whitehall II cohort study (8) , an on-going prospective cohort study that consists of 10,308 participants (6,895 men and 3,413 women, mean [SD] age on date of first screening, 44.4 6 6.1 years) recruited from the British civil service in 1985 in order to investigate social and occupational influences on cardiovascular disease (CVD) risk. The baseline medical examination (Phase 1) took place during 1985/1988, and subsequent phases have alternated between questionnaire alone (Phases 2, 4, 6, and 8) and phases including both a medical examination and a questionnaire (Phases 1, 3, 5, 7, and 9). For the purposes of the present study, Phase 3 (1991/1993) was regarded as the ''baseline'' when WC and detailed dietary measures were first undertaken, with two subsequent visits, Phases 5 (1997/1999) and 7 (2002/2004) , as the follow-up. The mean follow-up time between Phases 3 and 7 was 11.3 years (range, 9.5-12.9 years). Participants gave full informed written consent to participate in the study and ethical approval was obtained from the University College London Hospital committee on the Ethics of Human Research.
Physical activity assessment
Physical activity was assessed at Phases 3, 5, and 7 using a selfreported questionnaire. At Phase 3, the physical activity assessment consisted of three questions about duration and frequency per week spent at light, moderate, and vigorous intensity physical activity. At Phases 5 and 7, the physical activity questions consisted of 20 items on frequency and duration of participation in walking, cycling, sports, gardening, housework, and home maintenance (9) . For each item, the participants were required to provide the total number of hours spent in that activity over the past 4 weeks. Each activity was assigned a metabolic equivalent (MET) value by using a compendium of activity energy costs. One MET value reflects the intensity of the activity relative to lying quietly. We classified the intensity of physical activity by using the MET value and recoded it as light physical activity for values less than 3 METs (e.g., dish washing), moderate physical activity for values ranging from 3 to 5.9 (e.g., brisk walking, weeding), and vigorous physical activity for values of 6 or greater (e.g., jogging, sports, mowing). Frequency and duration of each activity were combined to compute hours per week of moderate to vigorous physical activity. The 20-item self-reported physical activity questionnaire is a modified version of the widely used and validated Minnesota leisure-time physical activity questionnaire (10) . This questionnaire has demonstrated excellent test-retest reliability-Spearman rank correlation coefficients 0.79-0.88 for total activity and ranging 0.69-0.86 among the light, moderate, and heavy intensity subcategories (11) . In addition, the self-reported physical activity measure has demonstrated predictive validity for mortality in the Whitehall II study (12) , and was recently validated against objective accelerometry measures in this sample (13) . Physical activity (moderate-vigorous h/week) measured at Phase 3 was correlated with physical activity measured at Phases 5 and 7, as previously reported (14) , suggesting moderate stability.
We categorized participants according to whether they adhered to the physical activity guidelines (at least 2.5 h per week moderate to vigorous physical activity) that have predictive validity for coronary heart disease (7, 15) . Participants that achieved at least 2.5 h per week moderate to vigorous physical activity were additionally categorized into largely moderate (vigorous < 75 min/week) or largely vigorous activity (vigorous ! 75 min/week).
Adiposity markers assessment (Phases 3, 5, and 7)
The clinical examinations were performed based on standard operating protocols. Participants' body weight was measured in light clothing and without shoes using Soehnle and Tanita electronic scales, and height was measured using a Stadiometer with the Frankfort plane in the horizontal position. BMI was calculated as [weight (kilograms)/height (meters) squared]. WC was measured twice to the nearest millimeter mid-way between the iliac crest and lower rib using a measuring tape held at 600 g tension using a spring balance. An average of the first two measurements was used in the present analyses although if the first and second reading differed by more than 3 cm a third reading was taken and an average of the two nearest values used.
Covariates
Data on age, civil service employment grade (a measure of socioeconomic status, SES), smoking (past/former/current), and selfreported chronic illness (yes/no) were drawn from the questionnaire at Phase 3 (1991/1993). Furthermore, dietary intake in kilojoules per day was estimated from the food frequency questionnaire that has been previously validated in the Whitehall II cohort (16) . Dietary patterns were identified using cluster analysis (PROC FASTCLUS, SAS Institute 1988) and four clusters emerged (Healthy; Continental; British sweet; Unhealthy) (17) .
Statistical analysis
Adherence to physical activity guidelines was first considered at one time point-Phase 3-and was examined in relation to change in adiposity markers between Phases 3-7. We adopted a linear mixed models approach and fitted both the intercept and slope as random effects, allowing individuals to have differences in adiposity markers at baseline and different rates of change over the follow-up. The model included terms for baseline physical activity, time (Phase 3 corresponds to time 0, Phase 5 to time 1, and Phase 7 to time 2 so that coefficients associated with time correspond to a 5 year change), and an interaction term between physical activity and time to estimate the association between baseline physical activity and change in BMI and WC over the follow-up. This model also included covariates that were selected a priori based on their documented association with both physical activity and adiposity markers (1) . Interaction between each covariate-including gender and physical activity were examined and found to be statistically non-significant. To examine the effects of long-term physical activity exposure over the three assessments, participants were categorized as ''Rarely'' meeting guideline (once or less through follow-up); ''Sometimes'' (on two phases); ''Always'' (on all three follow-up phases). We fitted general linear models to examine the association between long-term physical activity exposure (number of times meeting the guideline over follow-up) and adiposity markers at follow-up, adjusting for age at baseline and follow-up, gender, smoking, employment grade, dietary pattern, energy intake, and chronic illness at baseline. We also investigated associations between concomitant changes in physical activity (defined as the difference in hours/week of moderate to vigorous activity between Phases 5 and 7) and adiposity markers at Phase 7 using general linear models, making the same adjustments as described above. In supplementary analyses, we additionally examined the associations between long-term physical activity exposure and risk of incident obesity (defined as BMI ! 30 kg/m 2 ) and incident central obesity (waist !102 cm in men, !88 cm in women) using binary logistic regression. All analyses were conducted using SPSS version 20 (SPSS, Chicago, IL) using two-sided tests with a significance level P < 0.05.
Results
At Phase 3 (baseline), 7,899 participants had data on all variables although after excluding participants with missing data through follow-up the final analytic sample comprised 4,880 participants (3,489 men and 1,391 women). Participants excluded were slightly older (50.0 vs. 49.3 years, P < 0.001), less physically active (3.2 vs. 3.6 h/week moderate to vigorous physical activity, P < 0.001), and had higher BMI (25.6 vs. 25.1 kg/m 2 , P < 0.001) compared with those included. However, these absolute differences in characteristics between the groups were very small, only attaining statistical significance owing to the large sample size. Characteristics of the analytic sample at each phase are displayed in Table 1 . On average, there was an increase in both BMI and WC from baseline to 10 year follow-up: mean BMI increased from 25.1 to 26.6 kg/m 2 (P < 0.001) with 52.2% of the sample demonstrating an increase of at least 5% BMI; mean WC increased from 85.5 to 93.2 cm (P < 0.001).
Baseline physical activity and change in adiposity markers
Meeting the physical activity guideline at baseline was associated with a lower baseline WC and BMI after adjustments for covariates, but the differences were accentuated in participants that undertook ) and waist circumference (cm) between the groups (''None'' represents participants that do not meet physical activity guideline at baseline; ''moderate'' represents participants that meet physical activity guidelines largely through moderate activity [>150 min/week]; ''vigorous'' represents participants that meet physical activity guidelines through vigorous activity [>75 min/week]). Model 1; adjusted for age, gender. Model 2; adjusted for age, gender, smoking, employment grade, diet pattern, energy intake, chronic illness. The slope reflects the physical activity by time interaction term.
at least 75 min/week of vigorous activity (Table 2) . In order to further investigate independent contributions of different types of activity (light, moderate, vigorous), we ran linear regression models using Phase 3 data, and found that only vigorous activity (h/week) remained significantly associated with BMI (B ¼ À0.08, 95% CI, À0.15, À0.01) and waist (B ¼ À0.43, 95% CI, À0.62, À0.24) after mutual adjustment for light and moderate activity and all covariates. Baseline physical activity was not associated with change in BMI or WC over follow-up (Table 2, Figure 1) , suggesting that the difference in adiposity markers as a function of physical activity persisted but did not increase across time.
Habitual physical activity over 10 years and adiposity markers at follow up
In comparison to participants that rarely adhered to physical activity guidelines through follow-up, the high adherence group had lower BMI (B coefficient ¼ À0.43 kg/m 2 , 95% CI, À0.79, À0.08) and WC (B coefficient ¼ À2.50 cm, 95% CI, À3.46, À1.54) at followup, after adjustment for age, gender, smoking, employment grade, diet pattern, energy intake, and chronic illness (Table 3) . A dose-response pattern (P-trend<0.01) was evident in that participants who ''sometimes'' met the guidelines had lower BMI/WC than those ''rarely'' meeting the guidelines. The lowest levels of adiposity markers were seen in those ''always'' meeting guidelines.
We performed several sensitivity analyses. Firstly, missing values for covariates were imputed (SPSS multiple imputation procedure) using nine imputations based on maximum likelihood estimates. Essentially, there were minimal differences between the original results and those using the imputed data set (see Supporting Information Table 1 ). Second, we excluded participants reporting longstanding illness at baseline although the effect estimates remained unchanged. For example, in the healthy sub-sample (n ¼ 3,223), comparison to participants that rarely adhered to physical activity guidelines through follow-up, the high adherence group had lower BMI (B coefficient ¼ À0.48 kg/m 2 , 95% CI, À0.91, À0.06) and WC (B coefficient ¼ À2.34cm, 95% CI, À3.51, À1.16). In further analyses, we examined associations with incident obesity (Supporting Information Table 2 ). After removing obese participants at baseline there were 499 incident cases of obesity (defined as BMI ! 30 kg/m 2 ) and 828 cases of central obesity (waist !102 cm in men, !88 cm in women) at Phase 7 follow-up. Participants that always met the physical activity guidelines were at lower risk of incident central obesity (odds ratio ¼ 0.71, 95% CI, 0.54, 0.92) after adjusting for covariates. There was no association when examining incident obesity as defined from BMI.
Concomitant change in physical activity and adiposity markers
We were able to compute a physical activity change score between Phases 5 and 7 when the same questionnaire was used to assess this behavior and related these data to BMI/WC at follow-up (Table 4 ). Compared to participants that remained stable, those that reported an increase in physical activity of at least 2.5 h/week displayed lower BMI at follow-up (B coefficient ¼ À0.40 kg/m 2 , 95% CI, À0.71, À0.08) and WC (B coefficient ¼ À1.10 cm, 95% CI, À1.95, À0.25) after adjustment for a range of covariates that included diet and energy intake. Participants that reported a reduction in physical activity did not differ significantly from those that remained stable.
We also investigated the possibility of reverse causation such that weight gain may lead to reduced physical activity. Using mixed models, we examined the association between weight gain and physical activity, defined as study members who gained at least 5% in BMI between Phases 3 and 5, with the level of physical activity at Phase 5 and changes in physical activity between Phases 5 and 7. Compared with participants that remained stable or lost weight, the weight gainers displayed lower levels of moderate to vigorous physical activity (h/week) at Phase 5 (B coefficient ¼ À1.27, 95% CI, À1.95, À0.58) after adjusting for multiple covariates assessed at Phase 3. However, there was no association between weight gain and change in activity over Phases 5-7 (B ¼ 0.43, 95% CI, À0.29, 1.15; P ¼ 0.24).
Discussion
The economic burden of obesity is growing (18) and obesity is recognized as a global epidemic (19) , although the determinants remain poorly understood. This study took advantage of the rare availability
The association between physical activity at baseline and changes in BMI (upper panel) and WC (lower panel) over 10 years. ''None'' represents participants that do not meet physical activity guideline at baseline; ''moderate'' represents participants that meet physical activity guidelines largely through moderate activity (>150 min/week); ''vigorous'' represents participants that meet physical activity guidelines through vigorous activity (>75 min/week). The means (SE) are adjusted for age, sex, smoking, employment grade, chronic illness, diet pattern, and calorie intake.
of repeated assessments over a 10-year follow-up period in the British Whitehall II study to examine the associations between physical activity and adiposity markers. Previous results in this area are equivocal, but many studies relied on a single baseline measure of physical activity and have not considered the bidirectional nature of this association. Importantly, we found that repeated assessments of physical activity were a stronger predictor of adiposity markers than simply using a single baseline assessment. In addition, an increase in physical activity equivalent to the current physical activity guidelines (2.5 h/week) was associated with lower adiposity markers at follow-up. This is one of the few studies to specifically quantify changes in adiposity markers in relation to the current physical activity recommendations. We were, however, unable to examine all aspects of the physical activity recommendations, such as strength and flexibility training as well as minimum duration of a bout of activity, as such things are difficult to examine using self-report.
Our findings are consistent with several contemporary studies that have taken similar approaches to the present analyses (20) (21) (22) (23) . For example, in participants from The Coronary Artery Risk Development in Young Adults (CARDIA) study, those maintaining high levels of habitual activity over 20 years of follow-up demonstrated lower gains in BMI and WC (20) . In a Dutch study of men and women aged between 26 and 66 years at baseline, those who increased their physical activity (30 extra min/day of moderate activity) over a 5-year period had less gain in WC (21) . In a sample of participants from the Women's Health Study, physical activity was assessed five times over 12 years follow-up and women expending less than 7.5 MET hours per week gained 0.12 kg compared with women expending 21 or more MET hours per week (22) . In slight contrast to our findings, the European Prospective Investigation into Cancer and Nutrition (EPIC) showed an association between a single measure of physical activity at baseline and changes in adiposity markers over 5-year follow-up (5). In sub-group analysis those associations were only observed in younger men and women (<50 years), which may explain the discrepancies with our findings as we studied older adults, aged 49 years on average at baseline. However, these differences may also be explained by variations in the measurement of physical activity.
In the present study, physical activity was more consistently associated with WC than with BMI. Regional visceral fat depots may be of greater importance than measures of overall adiposity such as BMI. This is supported by various exercise training studies showing that exercise reduces levels of visceral adiposity in the absence of weight loss (24, 25) . In a recent sub-study of the Whitehall II cohort, Meeting physical activity guidelines (at least 2.5 h MVPA per week); ''Rarely'' includes meeting guideline once or less through follow-up; ''sometimes'' on two phases; ''always'' on all three follow-up phases.Model 1; adjusted for age, gender. Model 2; adjusted for age, age at follow-up, gender, smoking, employment grade, chronic illness, diet pattern, calorie intake. we demonstrated an association between objectively assessed physical activity and pericardial fat, independently of BMI (26).
We did not specifically assess sedentary behavior, although recent work showed no association between sedentary behavior and risk of future obesity in the Whitehall II study (27) . Some previous studies using accelerometry based measures have observed detrimental, linear associations of sedentary time with WC after controlling for physical activity (28, 29) , although in other studies the associations did not persist after adjusting for physical activity (26, (30) (31) (32) . Thus, there is limited evidence to suggest a distinct effect of sedentary behavior beyond that due to lack of exercise per se. In addition, some evidence suggests that the direction of the association is more likely to be from obesity to physical inactivity. One might speculate, for example, that weight gain may lead to physical exertion becoming uncomfortable. In a sample of healthy adults, BMI and fat mass at baseline predicted sedentary behavior at 5.6 years follow-up (33) .
In a large British cohort weight gain of 0.5-2 kg per year was associated with physical inactivity at 10 years follow-up (34) . In the present study, we found limited evidence for an association between weight gain and subsequent change in physical activity level. Nevertheless, this association may have been imprecise due to regression dilution bias as physical activity was measured with larger error than the adiposity markers (35) .
A notable strength of this study is the repeated measures over a 10-year follow-up period in a well characterized cohort. This allowed us to track changes in physical activity, adiposity markers, and other important clinical variables. Self-reported measures of physical activity are prone to reporting bias although the questionnaire used at Phases 5 and 7 in the present study is well validated and has demonstrated convergent validity in predicting mortality in the Whitehall II study (12) . In addition, among a sub-cohort of 394 Whitehall II participants, we recently demonstrated that self-reported physical activity was associated with objectively (accelerometry) assessed activity at 10-year follow-up across various activity categories (13) . In the present study, we did observe an upward trend in physical activity that might be accounted for by lack of agreement between the different questionnaires used at Phases 3 and 5. This upward trend might also be explained by the fact many participants from Whitehall II were in the transition to retirement during this period. This is consistent with recent data from the GAZEL cohort 4 years before and 4 years after retirement showing that leisure-time physical activity increased by 36% in men and 61% in women during the transition to retirement (36) . Attempting to account for the confounding effects of dietary intake is crucial in this area, although many previous studies have made little or no adjustment. Indeed, it is notoriously difficult to estimate energy intake from self-reported dietary questionnaires. Detailed dietary data were only available at baseline. However, our analyses were adjusted for dietary pattern in order to account for the quality of nutritional intake that is arguably a more meaningful variable in relation to health outcomes (37, 38) . The observed association between adherence to physical activity guidelines and adiposity markers was modest but may have clinical relevance. The difference in WC between participants that consistently adhered to the physical activity guidelines and those that were inactive over the 10 years follow-up was 2.50 cm (3.46-1.54) after accounting for confounding factors. This equated to %32% of the total gain in WC between baseline and follow-up. However, these effect estimates were likely to be imprecise because of measurement errors in the exposure variable.
In summary, among a sample of middle-older aged adults, habitual physical activity over 10 years was associated with lower markers of adiposity, although a single assessment of activity at baseline did not capture these effects to the same extent. Increases in physical activity were associated with lower gains in BMI and WC, after accounting for a range of covariables including indicators of dietary behaviors.O
